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Abstract 
The phenomenon of air entrainment by water jet plunging on the free surface of a water pool is reported in the paper. An effort has been 
made to understand the physics of the phenomenon through elaborate visual and photographic observations. The formation of air sheath, 
the downward motion of the two phase jet, the reversal of the jet motion has been reported. The visualisation of the random motion of a 
single bubble has also been reported.  
© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 
of Mechanical Engineers 
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Nomenclature  
dN       diameter of the nozzle, mm                                   
LN        length of the nozzle, mm                                         
VC       critical velocity, m/s                                               
Z       vertical distance, mm 
HN        height of nozzle from free surface of water, mm 
r        radius, mm 
VN       jet velocity at the exit of the nozzle, m/s  
1. Introduction 
Air entrainment due to plunging liquid jets and consequently both bounded and unbounded air water two-phase flow can 
be observed in nature and in many industrial situations. A plunging liquid jet is defined as a moving column of liquid that 
passes through a gaseous headspace before impinging on the free surface of receiving liquid pool.  
The mechanism of air entrainment due to plunging liquid jets is very complex and the complete mechanism of air 
entrainment is not fully understood till date. Due to liquid jet impingement on a free surface of liquid, a depression on the 
meniscus is formed at low jet velocity. Further increase in liquid jet velocity cause an air sheath or envelop formation on the 
periphery of the liquid jet just below the free surface of liquid. The air sheath is unstable in nature. The make and collapse 
of the air sheath induces formation of air bubbles below the liquid surface; thereby atmospheric air is entrained in the liquid 
body. Here below the liquid surface a downward biphasic cone is formed. The entrained air bubbles reach up to a certain 
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depth below the liquid surface, and then start rising in the upward direction in a helical path. The upward rising bubbles 
form a concentric envelop around the downward biphasic cone.  
Air entrainment due to plunging liquid jets can be exploited for a number of advantages. For example, to achieve good 
absorption coupled with good mixing in some gas-liquid reactors, plunging jet aeration provides a very simple and effective 
way of dissolving air in the reactors. To achieve adequate aeration, many biological processes use spargers or airlift 
fermenters apart from jet aeration. In wastewater treatment, plunging jet aeration is more advantageous as compared to 
airlift fermenters when the reactor media is highly viscous due to presence of heavy sludge of organic matter. Due to 
simplicity in construction and relatively less operational difficulties, the jet aerators have potential application in many 
chemical fermentation and floatation processes. 
 
In the natural process of self-purification of rivers, streams, waterfalls and weirs, undoubtedly, jets that entrain air and 
provide good contact and dispersion of air bubbles into the body of water play a very significant role. In the Oceans, 
plunging breaking waves can entrain a large amount of air bubbles when the top of the wave forms a water jet projecting 
ahead of the wave face and impacts the water free surface in front of the wave. 
 
Before 1970, there were only a few serious attempts made to study the phenomena of air entrainment by plunging liquid 
jets. Since then, the interest and the scope of the experimental study on plunging liquid jet systems have increased. One of 
the first scientific accounts in this regard was made by Leonardo Da Vinci (AD 1452-1519).  
 
Bin and Smith (1982) presented some reviews on various aspects of plunging liquid jet system. More general reviews on 
plunging liquid jet systems, including classifications; their description and applications are found in Bin (1993). The studies 
and observations by Cummings and Chanson (1999) show that air entrainment due to plunging jets takes place when the 
liquid jet impact velocity exceeds a certain characteristic velocity which is a function of inflow conditions.  
 
Robertson et al. (1973) observed that the formation of a stable air sheath around the jet depends on the ambient pressure. 
Michel (1984) observed that the air sheath behaves as a ventilated cavity. The length of the air sheath fluctuates 
considerably and air pockets are entrained by discontinuous ‘gusts’ at the lower end of air sheath. Kusabiraki et al. (1990) 
measured the length of the air sheath using high-speed photographic technique. They have found that the length of the air 
sheath increases with the increase in liquid jet velocity. 
 
McKeogh and Ervine (1981) classified the mechanism of air entrainment as (i) annular oscillations; (ii) intermittent 
vortex; (iii) turbulent occlusion and (iv) droplet entrainment. Davoust et al. (2002) identified the air entrainment process due 
to plunging liquid jet as the consequence of two complementary mechanisms: (a) the interfacial shear along the liquid jet 
interface which drags down an air boundary layer and (b) the entrapment process at the point of impact of the plunging jet 
with the receiving pool. The latter process is usually dominated by growing interfacial disturbances traveling on the jet. 
 
El Hummoumi et al. (2002) studied the inception condition for different range of Reynolds number and Weber number of 
liquid jet and presented the thresholds for air entrainment.  
 
Chanson et al. (2002, 2004) performed experimental study on basic entrainment characteristics in air-water plunging 
liquid jet system for a wide range of flow situations and found the lowest inception velocity as 0.73 m/s in the entire range 
of their experimental condition.  They observed that for liquid jet velocities slightly greater than the inception velocity, 
entrainment of individual air bubbles occur, but at the larger speeds air cavity develops all around the perimeter of the jet 
and most of the air is entrained by elongation, stretching and breakup of the ventilated cavity. They have performed the 
experiment for three scale models based on an identical Froude number. For jet velocities slightly greater than inception 
velocity, the entrained air bubbles having sizes of around 0.5 – 1 mm and for larger jet velocities the sizes of the entrained 
bubbles in the developing flow region are in the range of 0.5 – 5 mm as observed by them. 
 
    A common observation of the above and many other researchers on the air entrainment in a plunging liquid jet system 
is that it mainly depends on some primary variables like jet diameter, jet velocity,  jet length and physical properties of the 
fluid. Literatures indicate that most of the investigations on plunging liquid jet are through experiments. However, the 
observations made in different investigations are not identical. This leaves a scope for further experiments. 
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2. Experimentation 
The experimental setup fabricated for the present study, shown in Fig. 1, consists of following major components. 
 
(1) Transparent Acrylic Tank:  The tank is fabricated from 10 mm transparent acrylic sheets. The dimension of the tank 
is 1500 mm in length, 750 mm in width and 750 mm in height. Near the bottom of the side vertical faces two 20 mm 
openings are provided. This ensures symmetric suction draw out pattern with respect to tank mid zone. These two openings 
are connected to the suction side of a centrifugal pump. This facilitates circulation of water in the experimental system.  
 
(2)  The nozzle for jet impingement:  For the purpose of jet impingement on the surface of water in the tank, two 
different nozzles are used. The inner diameters of the nozzles are 4 mm and 6 mm respectively. The length of those nozzles 
is kept constant and is 200 mm. The nozzles are made of copper with nickel coating on it. The nozzle is feed with water 
from the delivery of centrifugal pump mentioned earlier. A pre-calibrated orifice meter fitted in line measures the flow rate 
through the nozzle. Thus the suction tubes from the tank to the pump and delivery into the tank through orifice meter and 
nozzle create a closed loop system.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(3)  Traversing mechanism for the nozzle:  For the purpose of the experimentation, the location of the nozzle outlet can 
be varied through a traversing mechanism on to which the nozzle is attached. Through sliding arrangements the nozzle can 
be traversed along the length and along the width of the tank on a horizontal plane. Graduated scales placed on the 
traversing mechanism can measure the position of the nozzle in the horizontal plane. The nozzle can also move in the 
vertical direction so that the distance between the nozzle outlet and water surface can be varied. Moreover, with respect to a 
horizontal axis the nozzle can rotate in a vertical plane.  
 
(4)  Flow visualization system:  A digital camera (SONY DSC-F717, Sony Electronics Inc. NJ, image device–11mm 
(2/3 type), CCD primary color filter, with approximately 5240000/5020000 pixels, lens with focal length of 9.7- 48.5 mm, 
and more precisely 38 - 190 mm when converted to a 35 mm still camera) is used in still and video mode with proper 
lighting arrangement to visualise the nature of the two-phase flow. The images were analyzed frame wise to visualise the 
geometry of the biphasic zone and to understand two-phase flow phenomenon due to liquid jet impingement. 
2.1. Experimental procedure 
The acrylic tank is filled with water from a domestic water purification plant supply up to a pre-determined height. The 
pump is made operational which receives water from the tank and discharges into the water surface through the nozzle. The 
amount of water supply is monitored and the flow rate through the nozzle is controlled with the help of two valves fitted in 
Fig. 1. Water jet impingement apparatus 
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the pump bypass and delivery line respectively. The temperature of the water in the tank is monitored with a thermometer. 
During experimentation, whenever the temperature of water raised by approximately 20C, the experimentation was 
discontinued till the water temperature falls back to initial temperature. The range experimentation is given in Table 1. 
 
              Table 1. The Range of Experimentation 
 
Nozzle diameter dN (mm) Jet velocity  vN (m/s) Nozzle height  HN (mm) Nozzle geometry  LN/dN 
4 
6 
3.25 - 5.5 
2.23 -  4.18 
50, 300 
50, 300 
25 
25 
3. Results and discussion 
The phenomenon of air entrainment by a plunging liquid jet has been investigated through visual and photographic 
observations. For the photographic recording a digital camera, as mentioned earlier, was used with proper illumination. The 
visual observation is explained below. 
 
A schematic representation of air entrainment and bubble formation below the free surface of water is shown in Fig. 2. 
Air entrainment is observed when the jet velocity reaches a critical (inception) velocity, below which no entrainment of air 
can be observed. The inception velocity for the present range of experimentation is tabulated in Table 2.   
 
 
 
 
 
 
 
       
When the jet of water strikes the free surface of stagnant water at a velocity below the inception, a depression on the 
meniscus of the free surface of water is formed. As the jet velocity increases the depression of the meniscus also increases. 
Just above the inception velocity, air is entrained in the form of a limited number of individual bubbles and the entrainment 
is observed to be intermittent. The sizes of the entrained bubbles are visibly small and the bubbles follow a slightly 
helicoidal trajectory around the jet centerline. The entrained bubbles travel in the downward direction with a gradually 
decreasing velocity. At one point its downward velocity becomes zero and then it starts rising. Some of the bubbles succeed 
in reaching the free surface while the rest are caught in the pocket of downward moving liquid and continue to have a zigzag 
circulatory motion in the vertical plane.  
 
As the jet velocity further increases, formation of air sheath around the periphery of the jet below the impact point is 
observed. Fig. 3, shows the photograph representing formation of air sheath. With further increase in jet velocity, the size of 
the air sheath also increases. The entrainment of air is due to make and collapse of the oscillating air sheath and the 
entrainment is observed to be continuous in nature. The entrained air bubbles are carried away below the free surface of 
water by the jet because of its momentum. Fig. 4, shows the closer view of the air sheath around the jet. Below the free 
surface of water, the downward (primary) air bubbles form a cluster, which resembles like a cone. 
 
Within this biphasic cone, smaller bubbles are seen in the upper portion while at the lower portion relatively large 
bubbles are observed. The coalescence of air bubbles takes place at the lower portion of the cone. Hence, relatively larger 
bubbles are observed at the lower portion of the biphasic cone.    
 
The downward (primary) air bubbles penetrate the water pool up to a certain depth below the free surface of water. This 
depth of penetration of air bubbles increases with the increase in jet velocity and decreases with the increase in height of the 
nozzle from the free surface of water. The smaller bubbles reach deeper below the free surface of water and stay for a longer 
time at that depth than the larger bubbles. When the bubbles reach the maximum depth of penetration they slow down and 
start rising freely towards the free surface of water in a helicoidal trajectory. 
 
 
 Table 2. Inception velocities (vC) 
 
Nozzle diameter, dN (mm) Nozzle height, HN (mm) vC, (m/s) 
4 and 6 
4 and 6 
50 
300
1.6 
1.2
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 Some of the rising bubbles, which are very near to the edge of the biphasic cone, cannot simply rise up to the free 
surface of water and escape. These bubbles are dragged downward by the two-phase jet and form a recirculation zone near 
the edge of the biphasic cone. This recirculation is observed to be more vigorous at the upper portion as compared to the 
lower portion of the edge of the biphasic cone. The upward (secondary) bubbles form an envelope around the primary 
bubbles and the entire biphasic zone resembles like a cylinder with a sharpened end at the bottom as shown in Fig. 5. The 
visual observation of the phenomenon of air entrainment agrees with the observations by (Bin 1993, Mckeogh and Ervine 
1981, Chanson et al. 2004 and other researchers).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The rise of secondary air bubbles are in the form of lumps are clearly visually observed and they are shedding alternately 
from the biphasic cone from diametrically opposite directions, whose photograph is shown in Fig. 6. This phenomenon of 
vortex formation is reported by Bonetto and Lahey Jr. (1993) but the mechanism is not well understood. 
 
A study on the trajectory of a single bubble entrained due to liquid jet impingement in the vertical plane parallel to the jet 
axis is made using a digital camera. The entrainment of a single air bubble is made with some trial and error by adjusting 
liquid jet velocity and nozzle height. The coordinates of the single moving bubble were measured from the frame wise 
analysis of pictures. Smooth joining of the coordinate points at successive time intervals revealed the trajectory of a single 
Downward 
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bubbles 
  Recirculation zone Air sheath 
Biphasic cone 
Water jet 
Nozzle 
Fig. 2.   Schematic representation of bubble 
formation due to liquid jet impingement Fig. 3.   Photograph showing the formation of air sheath 
(vN = 2.25 m/s, dN = 4 mm, HN = 50 mm) 
Air sheath 
Air 
sheath 
Fig. 4.   Closer view of photograph of air sheath 
            (vN = 3.6 m/s, dN = 6 mm, HN = 50 mm) 
Fig. 5.   Shape of the biphasic zone 
(vN = 5.50 m/s, dN = 4 mm, HN = 300 mm) 
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bubble as shown in Fig.7. The trajectory shows a zigzag up and downward oscillation pattern with circular motion of the 
bubble around the jet axis. This random pattern of the bubbles is useful for good mixing characteristics for jet aerators. This 
may be one of the reasons why plunging jet aerators are extensively used for aeration and good mixing in gas-liquid 
reactors. The bubble reaches up to a certain depth and stays for a longer time at that depth with movement in lateral 
direction. The maximum radial shift of the bubble at maximum penetration depth matches with the dimension of an 
equivalent biphasic cone, which forms at that experimental condition.  
 
 
 
 
 
 
 
 
 
 
 
4. Conclusion 
Air entrainment due to impingement of a water jet on the free surface of water has been investigated. A comprehensive 
visualisation study reveals that the inception of entrainment is due to the formation of an air sheath surrounding the jet just 
below the interface.  This air sheath breaks into bubbles further downstream. Initially the bubbles migrate in the downward 
direction and grow bigger due to coalescence. The bigger bubbles then move upward and escape through the free surface. 
The visualization also reveals a typical vortex structure. The random bubble motion has also been captured by digital image 
processing from the motion of a single bubble.   
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Fig. 6.   Formation of vortex due to plunging jet 
            (vN = 3.2 m/s, dN = 4 mm, HN = 300 mm) 
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Fig. 7.   Trajectory of a single entrained bubble 
